The aim of this study was to investigate duplication of the vertebral artery (VA) using three-dimensional timeof-flight (3D TOF) magnetic resonance angiography (MRA) in a large study population to further our understanding of vascular variations.
Background
Acknowledging vessel anatomy and its variations is important in the current era of stents and many new therapeutic interventions. The developmental variants of the vertebral artery (VA) mainly include variations in the origin, path, and vascular abnormalities, and they are highly variable, with a variety of manifestations [1] . VA duplication is very rare, but is occasionally found during digital subtraction angiography (DSA), computed tomography angiography (CTA), magnetic resonance angiography (MRA), or autopsy [2] [3] [4] . A better understanding of this variation is important for the diagnosis of cervical vascular disease, as well as cervical and neck vascular intervention surgery. At present, most of the variants are reported as individual cases and few studies have been conducted in large cohort [5] . In this report, we retrospectively analyzed MRA images from 12 826 cases admitted to our hospital for VA duplication and associated abnormal and we discuss the possible development mechanism of the variants and their clinical implications.
Material and Methods

Study population
We examined 12 981 patients with suspected cerebrovascular disease using MRA between January 1, 2010 and December 31, 2014 at our hospital. We analyzed 12 826 patients in this study after excluding 65 patients whose image quality was poor or VA occluded. The age range was 9-92 years, with an average age of 57 years. The main clinical manifestations were dizziness, headache, diplopia, slurred speech, walking instability, or limb weakness. This retrospective study was approved by the Ethics Committee and written informed consent was obtained from all patients.
MRA
All patients were scanned with a 3T scanner using a 16-channel head coil (Achieva X-Series, Philips Healthcare, Best, the Netherlands). 3D TOF MRA cross-sectional imaging was preformed using a 3D fast-field echo sequence and multi-chunk technique from the aortic arch to the Willis ring in 3 segments. The cerebral segment was imaged with repetition time 
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(TR)/echo time (TE)/flip angle (FA), 15 ms/3.5 ms/18º; number of slices, 160; field of view (FOV), 220×220×96 mm; matrix, 368×40; sense factor, 2. The neck segment was imaged with TR/TE/FA, 20 ms/3.5 ms/20º; number of slices, 180; FOV, 160×131×135 mm; matrix, 260×84; sense factor, 3. The arch segment was scanned with TR/TE/FA, 22 ms/3.5 ms/22º; number of slices, 120; FOV, 250×238×96 mm; matrix, 260×84; sense factor, 2. The total scanning time was 11 m 39 s. The images were processed by maximum intensity projection (MIP) to obtain 3D displays and assembled using the MobiView Philips software to reconstruct continuous images from the aortic arch to the Willis ring.
Image analysis
The original images were transmitted to a PACS workstation for MIP, volume rendering (VR), and multiplanar reconstruction (MPR), and evaluated by 2 experienced radiologists for the origin, path, and associated variation of bilateral VAs, with reference to the original images.
Fetal type of posterior cerebral artery (PCA) was judged as defined by Voljevica et al. [6] : If the P1 segment of PCA is absent or the diameter of the P1 segment is smaller than that of the posterior communicating artery (PCOM) on the same side, PCA is mainly supplied by the PCOM.
Statistical analysis
Data were analyzed using SPSS statistical software (V17.0). c 2 was used to test the differences in the occurrence rates of other vascular abnormalities between the patients with and without VA duplication, and in the occurrence rates of VA duplication and other vascular abnormalities between males and females. Values with P<0.05 were considered statistically significant.
Results
In the 12826 cases, 21 (0.164%) were found to be VA duplication variants. Among them, 10 were males and 11 were females, aged 13-69 years, with an average of 59.7 years. In 12 (57.14%) of them, the duplication occurred in the left vertebral artery with 2 branches originated from the aortic arch and the subclavian artery ( Figures 1-3 Table 1 .
In 12 805 unduplicated cases, 3801 (29.68%) had vascular anomalies in the head and neck. Among them, 1246 (9.73%) had variations in vascular anomalies in the aortic arch, 457 (3.57%) had fenestration variations in the vertebral basilar artery, 902 (7.04%) had variations in the ACA, and 65 (0.51%), 2956 (23.08%), and 56 (0.44%) had variations in the middle cerebral artery, PCA, and primitive trigeminal artery, respectively. Of these patients, 1881 (14.69%) had 2 or more variations. Analysis also showed that the occurrence rate of other vascular abnormalities was higher in the VA duplicated variants than in the normal subjects (Table 2, P<0.05), while the occurrence rates of VA duplication and other vascular abnormalities was similar between males and females (P>0.05). In this technique, which was first used for intracranial vascular imaging, the flow-compensated gradient-echo sequences are optimized to enhance the vascular signal, with saturated stationary surrounding tissues with very short TR [7] . In recent years, with the increased use of MRI and improved gradientecho sequences, the technology has been widely used in clinical studies and diagnosis [8] . In this study, we achieved largescale brain and neck imaging using multi-chunk technique, and we found that the CHARM algorithm (Philips Medical Systems) can effectively integrate data captured from overlapped parts of the layer to prevent the signal weakening at the edge of the layer. As a result, high-quality images were obtained under high magnetic field and high gradient with greatly shorter imaging time and with reduced artifacts due to respiration and vascular fluctuations. The scan time was further reduced and resolution improved using the sensitivity encoding techniques with the 16-channel neurovascular coil (Philips).
Embryonic development mechanism of VA duplication
Although VA duplication and fenestration are both derived from incomplete vascular degeneration during embryogenesis, the 2 types of variants are conceptually different and should to be handled differently in clinical work [9] . VA duplication has dual artery origins to form 2 branches, which are then merged into 1 artery to end at 1 point. On other hand, VA fenestration occurs at VA from 1 origin to form 2 branches and then end up at 1 point [2, 10] . During embryogenesis, 30 pairs of intersegmental arteries are formed in the dorsal aorta, and the intersegmental arteries in the neck are horizontally oriented and longitudinally coincided. When the embryo is developed to 7-12 mm long, the intersegmental arteries at the 6 th neck internode are transformed into bilateral VA, while the rest of the intersegmental arteries are completely degenerated, resulting in the transformation of the longitudinally coincided vessels into a single vessel, the VA, to connect to the subclavian artery. However, if 1 intersegmental artery (often the 5 th intersegmental artery), or the dorsal aorta is not completely degenerated, but transformed into a vessel that is connected to a normal VA, this would result in VA duplication [1, 11, 12] . [13] . In the present study, 21 VA duplications were found in 12826 cases (0.164%) of head and neck MRA. The difference between our results and previous work may result from different populations studied and methods used. Furthermore, it is also worth noting that the study populations in this study consisted of patients with suspected cerebrovascular disease, and we are therefore likely to have overestimated the occurrence rate at which VA duplication occurs in the general population. This further demonstrates that the disease occurs at very low frequency. Studies have shown that the variations are more often on the left side [1, 12] . For example, the 5 variants found by Bergman et al. were all on the left side [5] . We found that in our study population, the variants are slightly more on the left than right side (57.14% vs. 42.86%).
There is also a report showing bilateral VA duplication [2] . For the duplicated branches, one may arise from the subclavian artery, and the other from the subclavian artery [4] , or from the aortic arch (between the left common carotid artery and subclavian artery) [12] or anonyma [3] . When VA is duplicated on the left side, one of the branches is often from the aortic arch; when VA is duplicated on the right side, 1 of the branches is often from the subclavian artery [9] . In our study, 11 out of the 21 VA duplication variants were on the left side with branches arising from the subclavian artery and the aortic arch and 9 were on the right side with both branches issuing from the subclavian artery. These results are consistent with previous reports. 
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Clinical significance
Accurate diagnosis of VA duplication is important for diagnosis of clinical disease, radiological diagnosis, head and neck vascular intervention, and surgical procedures. For example, dizziness caused by the duplicated VA is because the diameter of branches in the VA duplication variant is smaller than that of a normal VA, resulting in insufficient blood supply in the posterior circulation [2] . Nishijima et al. reported a patient with dizziness that was clearly improved after surgical correction of the tortuous and duplicated VA [14] . Melki et al. and Polguj et al. found VA duplication variations in patients with aneurysm in the dissection between the spontaneous carotid artery and VA, suggesting that VA duplication is a risk factor in head and neck artery dissection [4, 15] . A number of cases have been presented where VA duplication is accompanied with head and neck aneurysm inside internal carotid [12] , basilar artery [16] , or PCA [17] . However, these are all case reports without statistical consideration. In the 21 VA duplication patients identified in this study, over half (52.38%) are accompanied with other vascular abnormalities, mostly fetal type PCA, followed by the absence of A1 segment in 1 side of the ACA and origination of the left VA from the aortic arch. However, no aneurysm or arterial dissection was found. These findings suggest that VA duplication is most often associated with other vascular abnormalities, but the relationship between VA duplication and vascular abnormality is not clear. No difference between sexes was found in the VA duplication patients. Although in the 11 bilateral VA duplication variants with other vascular abnormalities, 72.73% was female, they were not statistically more numerous than the males, suggesting that female VA duplication variants are not more prone to other vascular 
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abnormalities. However, more samples are needed to confirm this conclusion. Furthermore, among the patients, there was an 11-year-old girl with intracranial arteriovenous malformations. This may be the first report of a young girl with VA duplication.
During intervention, if not enough contrast agent is injected, VA duplication may be misdiagnosed as dissection or aneurysm [18, 19] . If only 1 branch in a duplicated VA is exposed, it may also result in misdiagnosis as VA dysplasia or pathological stenosis. Therefore, knowing of the presence of VA duplication variations before intervention would avoid misdiagnosis and help develop a rational plan to shorten operation time and reduce postoperative complications. During cervical and thoracic surgery or puncture, the clinician must be careful in dealing with these abnormal VAs to avoid injury leading to complications.
Conclusions
Our study shows that 3D TOF-MRA is a suitable technique for precise diagnosis of VA duplication. It is safe and noninvasive, without need of contrast agent, and can be performed repeatedly. Occurrence of VA duplication is very rare and often accompanied with other vascular abnormalities. A better understanding of this variation would help the diagnosis and treatment of clinical diseases, vascular interventional surgery, and surgical operations.
